ABSTRACT
INTRODUCTION
Divertor physics research has constituted one of the major efforts of the DIII-D tokamak program because of the importance of understanding how to manage particle and heat exhausts in power producing fusion devices. The extensive diagnostic array on this machine has made it possible to measure electron temperatures and densities [1] as well as radiative, conductive, and convective power losses [2, 3] . Recently, efforts have been initiated both on DIII-D [4, 5] and elsewhere [6, 7] to measure the flows of impurity and working gas ions which determine convective losses and which have a major influence on the efficiency of the divertor for shielding impurities from the core plasma. The visible spectrometer system, which has been used in the past to measure ion temperatures from Doppler broadening of spectral lines, has been upgraded so that ion flows along the field lines can be determined from Doppler shifts of the emission patterns. Impurity ion temperatures and parallel flow velocities have been measured under a wide variety of conditions; this paper presents some typical results, including the observation of theoretically predicted reverse flow regions.
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EXPERIMENTAL APPARATUS AND VIEWING GEOMETRY
Spectra in the 4000 Å-9000 Å range are aquired by means of a 1.3 m Czerny-Turner multichordal divertor spectrometer (MDS) equipped with a 1200 l/mm grating. A twodimensional CCD detector simultaneously records the input signals coming through twelve optical fibers at the entrance slit. The detector integration time is usually set at 125 ms. Figure 1 illustrates typical lines-of-sight for this system. The chords designated V1-V7 are nearly vertical 
SPECTROSCOPIC MEASUREMENTS OF IMPURITY TEMPERATURES R.C. ISLER, et al. AND PARALLEL ION FLOWS IN THE DIII-D DIVERTOR
GENERAL ATOMICS REPORT GA-A22852 7
ION TEMPERATURES
Very few impurity multiplets are usually intense enough to obtain accurate ion temperature and flow measurements. Most of the analyses of the ion characteristics have utilized the B II triplet ( 3 P-3 S) around 7335 Å, the C II doublet ( 2 P-2 S) near 6579 Å, and the C III triplet ( 3 P-3 S) near 4649 Å. Only temperatures determined from the vertical views are discussed in this section.
These are believed to be more accurate than those deduced from the signals coming through the tangential views. This point will be discussed further in Section 4.
Because ion temperatures in the divertor are usually less than 20 eV, it is necessary to account accurately for the nonlinear splitting of the sublevels of excited electronic states in a magnetic field (Zeeman/Paschen-Back effect) when determining the Doppler widths [3, 8] . Of all the transitions utilized for temperature measurements, deviations from a linear dependence on the field (Zeeman effect) appear most markedly in the B II multiplet, although they are evident in the other multiplets. Typical measurements from views V2 and V6 are shown by the solid circles in Fig. 2 . In the absence of a magnetic field, this multiplet would appear as three closely spaced spectral lines, but the actual patterns are much more complicated and are qualitatively disparate in the two views because of the difference in field strength as a function of major radius. In order to obtain the maximum count rate, polarizers are not used in the optical path, therefore, the sum of the amplitudes of the sigma and pi components are equal. Ion temperatures are determined from the theoretical lineshapes that give the best fit to the entire multiplet for a given field strength. Since the spectroscopic signals are integrated over the entire sightline, it is not a priori evident that they will reflect a single temperature. However, both sets of data in Fig 
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Temperatures observed from the inner leg are in the 4-5 eV range. For strong signals, such as those shown in Fig. 2 , the uncertainty in ion temperature appears to be 1 eV or less, which is evident in the small scatter of the data points during the quasisteady segment of the discharge.
After 3.4 s the X-point is swept outward in major radius, and the temperature observed along some of the chords decreases. By 4.4 s V3 and V4 pass through the inner, rather than the outer leg [ Fig. 1(b) ], and the observed temperatures are the same as that along V2.
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FLOW VELOCITIES
The flow velocities are determined from Doppler shifts of the emission patterns in the tangential views. Signals from view T2 at four different times for the discharge characterized in Fig. 3 are shown in Fig. 5 . The sigma components strongly dominate these lineshapes so they do not resemble those from the vertical views. In general, the data points cannot be fitted by a single multiplet profile, but they can usually be fitted by two profiles with different Doppler shifts as shown by the dashed and dotted lines in Fig. 5 . The solid lines are the sum of the two profiles.
Although the theoretical fits are not perfect, they are close enough to the measured data to confirm that the major contributions to the signals come from two distinct groups of ions.
A qualitative indication of the shifts can be obtained from the fact that calculations show the peak at 7032.75 Å should appear at the same wavelength in views V6 and T2 if there is no parallel flow. The dot-dash vertical marker in Fig. 2(b) is located to pass through this local maximum. In Fig. 5(a) it is seen that this peak in the stronger component (dashed line) is blueshifted with respect to the marker; in the DIII-D geometry a blue shift indicates that the group of ions providing the most intense emission is moving toward the target plate. However, the minor component is red-shifted and is indicative of a group of ions flowing in the reversed direction.
This behavior, which is predicted theoretically to occur under certain circumstances [9] , is generally observed in C II, C III, and B II during several types of discharge conditions. Specific modelling of C II behavior in attached DIII-D plasmas using the UEDGE code [10] Table I are determined from the fact that the line shapes are sensitive to the magnetic field, but as already noted, they are not very precise for the B II data considered here. By referring to Fig. 1 , it can be seen that the normal-flow group is interpreted to
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GENERAL ATOMICS REPORT GA-A22852 13 be at major radii 15-20 cm to the low-field side of the separatrix. This conclusion is substantiated by the fact that intensities from the vertical views are by far the strongest along V6 which intercepts the target plate at a major radius of 162 cm (Fig. 1 ) in good agreement with the inferred radii of 1.58-1.64 m listed in Table I . The best fits to the data indicate that the reversed-flow group lies within a few cm of the separatrix. If the X-point is moved very far outward, the inner leg overlaps some of the tangential views.
In many cases the radiation from a particular ion is much stronger in the inner leg than it is in the outer, and the normal-flow signals are red-shifted. In these cases inner leg flows can be distinguished, and the minor contribution to the red-shifted emission pattern from the reversedflow ions on the outside does not significantly affect their velocity measurements. The magnitudes of these normal flow velocities tend to be comparable to those observed for the reversed group in the outer leg, i.e., near Mach 1. If a group of reversed-flow ions exists on the inner leg it is probably impossible to extract its contribution from the total signal.
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SUMMARY
Ion temperatures for B II, C II, and C III have been measured under a variety of conditions in the DIII-D divertor and are usually in the range of 4-20 eV. Velocities determined from Doppler shifts indicate that normal flows in the outer leg vary from 3 × 10 5 -1.5 × 10 6 cm/s (Mach 0.3-0.7) whereas on the inner leg they are 1 × 10 6 -3.5 × 10 6 cm/s (generally near Mach 1).
Reversed flow regions exist in the outer leg during most types of operation, and the magnitude of their velocities tends to correspond to those of the normal flows on the inner leg. Although these results relate to data averaged over several ELMs [ Fig. 3(b) ], little difference has been detected for L-mode discharges in which ELMs are absent. For H-mode discharges with infrequent ELMs there is no difference between the normal flows in ELMing and quiescent periods, but the reversed-flow velocities are somewhat greater on average than during other types of operation.
